A study of variation at 27 isozyme loci in 12 Jamaican populations of Eichhornia paniculata (Pontederiaceae) was undertaken to examine the history and genetic consequences of island colonization. Population genetic theory predicts that island populations should be less variable relative to their sources, owing to founder effects and genetic drift. Populations were significantly less heterozygous (H0) with fewer polymorphic loci (F) and alleles per polymorphic locus (I) than previously reported for populations in northeastern Brazil. Populations contained small numbers of multilocus genotypes with one or two usually dominating. Four out of six populations exhibited moderate to high levels of gametic disequilibrium, a pattern expected from interactions between inbreeding and drift in colonizing populations. Estimates of outcrossing rate in eight populations averaged t=0.116 (range: 0.00-0.22).
Introduction
Historical processes are important determinants of geographical variation, particularly in hermaphrodite organisms capable of self-fertilization. Inbreeding tends to preserve multilocus associations established through stochastic processes such as founder events and genetic drift (Golding & Strobeck, 1980; Brown, 1983) . Self-fertilizing plants, with well-developed colonizing abilities and broad distributions, often show marked genetic differentiation in different parts of their geographical range. This effect is particularly likely in species with discontinuous distributions resulting from long distance dispersal (Barrett & Husband, 1990a) .
Restricted recombination and a lack of recurrent migration from source populations aids in maintaining the integrity of founding genotypes. This can lead to distinctive patterns of genetic variation in introduced populations. Attempts at reconstructing the history of colonization have been particularly successful in inbreeding plants because of their propensity to form 287 multiocus associations Moran & Marshall, 1978; Barrett & Richardson, 1986; Golenberg, 1989; Novak & Mack, 1989 and unpublished) .
The geographical distribution of the tristylous, emergent, aquatic Eichhornia paniculata (Pontederiaceae) is markedly disjunct. Populations occur in ditches and ephemeral pools throughout northeastern Brazil, on the Caribbean islands of Jamaica and Cuba, and from single isolated localities in western Brazil, Ecuador and Nicaragua. The occurrence of three style morphs and related tristylous taxa in northeastern Brazil suggests that E. paniculata may have originated in lowland tropical South America (Barrett, 1985 (Barrett, , 1988 . Based on this supposition, the Caribbean is probably a derived centre for E. paniculata, although the source and time of colonization is unknown. Since the founding and establishment of populations on Caribbean islands may have involved infrequent and long-distance dispersal, studies of variation in the region can provide insights into the history and genetic consequences of colonization and establishment in a restricted geographical area.
In an earlier study of isozyme variation in E. paniculata, Glover & Barrett (1987) found that Jamaican populations were genetically depauperate in comparison with populations from a comparable area in northeastern Brazil. They suggested that differences in genetic diversity between the regions were the result of genetic bottleneck(s) associated with long distance colonization and the predominant self-fertilization of island populations. Their study involved a sample of five Jamaican populations from the central region of the island. More recently, we have undertaken more extensive sampling from throughout the island to extend our knowledge of the organization of genetic variability, mating systems and colonization history of E. paniculata in Jamaica. Here, we (1) examine the partitioning of genetic diversity at isozyme loci within and among populations, (2) estimate outcrossing rates (t), patterns of inbreeding and levels of gametic disequilibrium between isozyme loci, and (3) investigate spatial patterns of genetic variation among populations, using spatial autocorrelation techniques. Results from these analyses are used to infer patterns of colonization and the historical relationships of populations in Jamaica.
Materials and methods

Sampling
In January 1987, 12 populations of Eichhornia paniculata were sampled from throughout the range of the species in Jamaica. Open-pollinated seed families were collected in each population. Since plants flower more or less synchronously, a single random collection of families was sampled. Seeds were stored dry at room temperature until used for isozyme analysis. Seeds from several capsules, for each of five to 25 maternal plants from each population, were germinated on moist soil for electrophoresis. Where possible the number of seedlings was divided equally among maternal plants sampled from each population. The number of maternal plants in each population was limited by population size and germination levels. Since most populations were small (< 100), the sample of maternal families in each population comprised a complete sample or one large enough to represent adequately the populationlevel variability expected for a predominantly selffertilizing species. Glasshouse experiments indicate no significant differences among Jamaican populations in germination or survivorship between selfed and outcrossed progeny (Toppings, 1989) .
Electrophoretic methods
Genetic variability at 27 isozyme loci was determined using horizontal starch gel electrophoresis. Flower buds (three to five) were crushed in an extract buffer, absorbed onto filter-paper wicks and inserted into 11 per cent starch gels. Running conditions and gel buffer systems used were previously described by Glover & Barrett (1987) . Individual genotypes were scored at isozyme loci for 13 enzyme systems: diaphorase (DIA), glutamate dehydrogenase (GDH), isocitric dehydrogenase (IDH), peroxidase (PER), 6-phosphogluconate dehydrogenase (6-PGD), shikimic dehydrogenase (SKDH), aspartate aminotransferase (AAT), phosphoglucomutase (PGM), acid phosphatase (ACP), phosphoglucomutase isomerase (PGI), triose phosphate isomerase (TPI), malate dehydrogenase (MDH), and aconitase (ACO). The staining recipe for TPI is given in Soltis eta!. (1983) ; all others are from Glover & Barrett (1987) . Loci are numbered sequentially, starting with those coding for the most anodally migrating isozymes. Alleles coding for allozymes are identified in a similar manner, but with letters.
Analysis of isozyme data
Isozyme variation for each population was measured using standard genetic parameters including N, the mean number of alleles per polymorphic locus (when the frequency of the least common allele is > 0.05), P, the percentage of loci that are polymorphic (where a locus is polymorphic when the frequency of the most common allele is <0.95) and H0, the observed frequency of heterozygotes, averaged over all loci. Pairwise gametic disequilibrium values (DAB) were estimated for the six populations of E. paniculata with two or more polymorphic loci (J17, J19, J22, J24, J25, J27). Disequilibrium values and standard deviations (not shown) were calculated from two-locus genotype frequencies (Weir & Cockerham, 1989) .
Multilocus estimates of outcrossing rate (t), for the eight populations with polymorphic isozyme loci were calculated using the method of Ritland & Jain (1981) and Ritland (1989) . Maternal genotypes were inferred from progeny arrays using the method of Brown & Allard (1970) . The standard error for each population estimate of t was calculated by bootstrapping and the goodness of fit of the observed genotype frequencies to the model was tested using a chi-squared test with 1 and 9 degrees of freedom for diallelic and triallelic loci, respectively.
To examine population genetic structure, allele frequencies for each polymorphic locus were corn-pared among populations using a chi-squared contingency test. Overall significance of each of the simultaneous tests was determined using the sequential Bonferrom technique (Holm, 1979) . To examine genetic differentiation among populations, Nei's GST, defined as the ratio of interpopulation gene diversity (D) to total gene diversity (HT: Nei, 1973 Nei, , 1975 was estimated. In addition, gene correlations measured by Wright's F statistics (Wright, 1951) were also estimated using the analysis of variance approach of Weir & Cockerham (1984) where F is the correlation of alleles within individuals in relation to all populations, , the correlation of alleles from different individuals in the same population and f, the correlation of alleles within individuals, within populations. Variances for each estimate were derived by jack-knifing over populations. Cockerham (1969 Cockerham ( , 1973 To examine the spatial patterns of genetic variation among populations in Jamaica, six polymorphic isozyme loci were analysed using spatial autocorrelation methods. These techniques have previously been described (Sokal & Oden, 1978; Sokal, 1979; Clifford & Ord, 1973) and applied to allele frequency data (Sokal & Menozzi, 1982; Barbujani, 1987; Sokal et a!., 1987) . Spatial patterns at each polymorphic locus were examined using estimates of Moran's autocorrelation coefficient (I; Sokal & Oden, 1978) . Connections between populations were established using Gabriel criteria (Gabriel & Sokal, 1969) , where two populations are connected if no other population lies on or within the circle whose diameter is the distance between them. Since populations are distributed in a roughly linear fashion across the length of the island, the method resulted in 13 connections among the 12 populations. Autocorrelation coefficients were then calculated based on all pairs of connected populations within each of five distance classes. Moran's I was compared to expectations under random patterns of variation using a standard normal deviate test (Sokal & Oden, 1978) . The distance classes were chosen to maximize the number of classes and population pairs and ranged from 10 to 14 pairs in each of five distance classes. The autocorrelation coefficient for each locus, calculated as a function of distance, represents a spatial correlogram. Correlograms were calculated for alleles at each polymorphic locus. Since three alleles were recorded for PGM-1, autocorrelation analysis was conducted on two, as they varied nearly independently. To compare spatial patterns produced by different loci, product-moment correlations were calculated between frequencies for all pairs of alleles, over the 12 localities (referred to as allele frequency surfaces, hereafter). Spatial patterns were summarized by calculating the average autocorrelation coefficient for each distance class averaged over all loci. For comparison with previous studies, we also tested the association between geographic (Gabriel connection distance) and genetic distance (Nei, 1978) between populations using Kendall's non-parametric test. The significance of the test statistic (Kr) is determined by generating a probability distribution based on 2000 permutations of the matrices (Dietz, 1983) . Multilocus genetic identities (I) and distances (D; Nei, 1978) between all possible pairs of populations were calculated using all loci. Relationships between populations are presented as a dendrogram based on UPGMA clustering criteria.
Results
Field observations
The distribution of E. paniculata populations sampled in Jamaica is shown in Fig. 1 . The aquatic habitats in which the species occur are largely restricted to the southern coastal plain and are absent from mountainous regions of the island and the rugged north coast. Populations ranged in size from five to 2000 individuals with a harmonic mean of 29.7 (Table 1) . The three largest populations (Ji 7, J 18, J27) occurred as weeds of agricultural habitats (rice fields and sugar cane). The large size of these populations, in comparison to the remainder, was the result of open, fertile conditions in which they occurred.
Of the 12 populations sampled for style morph frequency, four were dimorphic for the long-and midstyled morphs (hereafter, L and M morphs) and the remainder were monomorphic for the M morph. In three of the four dimorphic populations the M morph predominated (Fig. la) . All individuals of the M morph in Jamaica possess 1-3 elongated short-level stamens resulting in automatic self-pollination of mid-level stigmas. Further details of the floral biology of these selling variants are given in Barrett (1985) .
Population genetic structure Of the 27 isozyme loci surveyed, six (22 per cent) were polymorphic, with between zero and three loci (0-11 per cent) variable in any given population. Four of the 12 populations sampled contained no isozyme variability (Table 2) . Polymorphic loci commonly exhibited large imbalances in the relative frequencies of alternate
alleles. This can be seen by inspection of the allele frequency data for polymorphic loci given in the appendix. Allele frequencies were very similar in a comparable analysis (data not shown) using inferred maternal genotypes. The mean frequency of the most common allele for the six foci, within each population, was 0.92. Because of low levels of polymorphism and uneven allele frequencies, populations of E. panicutata in Jamaica contained small numbers of multilocus genotypes (Fig. ib, mean: 8.9, range: 1-25), Coeffi Mating system estimates The average frequency of heterozygotes among all loci sampled was 0.8 per cent. In 22 one-tailed tests all but one locus were significantly less heterozygous than expected for a random mating population. Although less extreme, a deficiency of heterozygotes, was also observed among the inferred maternal genotypes for most loci. These results indicate that Jamaican populations of E. paniculata are highly inbred. The high values of f reiterate this finding (Table 4) . Multilocus estimates of outcrossing rate (t), ranged from 0.0 to 0.22 with a mean of t= 0.116 (Table 2) . Goodness-offit tests between the observed genotype frequencies and that expected for a given value of t, indicated deviations for PGM-l in one population (316). Outcrossing estimates for J16 were based solely on this locus, and therefore, should be interpreted with caution. Outcrossing rates were not significantly correlated with measures of genetic diversity (Spearman's rank correlation with: H0, p 0.53; P, p = 0.34; Na, p -0.08; critical correlation coefficient P< 0.05, N=8,p 0.71). Table 3 Gametic disequilibria between pairs of loci (Weir & Cockerham, 1989) Each test was also significant at the 5 per cent level based on the sequential Bonferroni test. Much of the differentiation results from the occurrence of unique alleles at A/i T-3a, PGM-lc and PGI-2a in populations J16, 317 and J18 at the west end of the island. In addition, a fast allele at the PER-la locus occurred at moderate frequency in population J25, but was absent from all remaining eastern populations (Fig. lc,d ).
Despite differences between populations at polymorphic loci, the mean genetic identity among all populations was high (10.932) because of the relatively large number of monomorphic loci that each population has in common. Similarity among populations based on Nei's genetic distance is presented as a dendrogram in Fig. 2 . The two western populations, (Table 4) .
Spatialpatterns
There was a positive association between the genetic distance and the minimum geographical distance between populations (K= 170, P=0.013). The correlation was particularly strong for populations separated by short to medium distances (up to 125 km) but became weaker beyond this distance. The average autocorrelation for each distance class overall, and for the subset of significant correlograms, showed a positive correlation at near distances, up to 85 km, and moderate negative autocorrelation beyond (Table 5) .
Spatial autocorrelation analysis also revealed that variation at individual isozyme loci was non-randomly distributed. All alleles at polymorphic loci, except PGM-lb, showed significant spatial structure between populations at one or more distance classes (Table 5 ).
In total, 11 of 32 coefficients were significant at P<0.05. An overall significance test was conducted for each correlogram using a Bonferroni procedure (Oden, 1984) . By this criterion, only three out of seven correlograms (AA T-la, AA T-3a, PER-la) were significant at P <0.05. Two contrasting patterns were evident among correlograms. For example, PER-la and AA T3a varied monotonically beginning with positive autocorrelations between populations separated by small distances and ending with negative autocorrelations between most distant populations. In contrast, autocorrelations for AA T-la decreased with increasing distance up to intermediate distances, but beyond this distance they increased. While the remaining correlo- grams were non-significant, each could be assigned to one of these two patterns. Allele frequency surfaces were significantly correlated (P<0.05) in four of 21 possible pairs (AA T-l-AA T-2, PGM-la-AA T-2, AA T-3-PER-i, PGI-2-PGM-lb). Three involved at least one locus with a significant spatial correlogram. As with the correlograms, the pairs represent one of two types of surface, distinguishable by the degree of correlation at the largest distance.
Discussion
Our survey of isozyme variation in Eichhornia paniculata from Jamaica revealed low levels of polymorphism, allelic diversity and heterozygosity and a high degree of genetic differentiation among populations. This result is in accord with an earlier investigation of five populations sampled from the central region of the island (Glover & Barrett, 1987 (Wright, 1940) , and limited empirical data on genetic variation in continental and island populations of plants (reviewed in Barrett & Husband, 1990a ).
Comparisons of data on allelic diversity in northeastern Brazil and Jamaica indicate that 62 per cent of the alleles represented in mainland populations occur in Jamaica (N= 18 and 17 populations in northeastern Brazil and Jamaica, respectively; Glover & Barrett, 1987; B. C. Husband & S. C. H. Barrett, unpublished data). Furthermore, the proportion of loci that are polymorphic in northeastern Brazil is P= 0.62 compared with P =0.22 in Jamaica. This overall reduction in genetic diversity probably results from genetic bottleneck(s) associated with long-distance dispersal and limited opportunities for subsequent gene flow owing to island isolation. While the allelic diversity of Jamaican populations is substantially reduced in comparison with populations in northeastern Brazil, three alleles that occur in the island have not been detected in northeastern Brazil (AAT-3a, PGM-lc, PGI-2a). In addition, several alleles uncommon on the mainland (AA T-2b, AA T-3c, PGM-la) occur at high frequencies among Jamaican populations. These patterns are consistent with founder effects and suggest that stochastic forces play a major role in influencing patterns of genetic variation in island populations.
Stochastic forces also appear to have been important in structuring patterns of genetic diversity within and among Jamaican populations following island colonization. Several features of the population biology of E. paniculata enhance opportunities for the occurrence of random genetic drift. Populations fluctuate dramatically in size, but are usually quite small (Table 1) and short-lived (Barrett et al., 1989) . Furthermore, populations experience high levels of inbreeding (Table 2) and individuals display large variation in reproductive output owing to high phenotypic plasticity (Barrett, 1985) .
These factors all reduce effective population size allowing drift to occur (Crawford, 1984; Heywood, 1986) . Allele frequencies at polymorphic loci were highly asymmetrical in most populations with the most frequent allele averaging 0.92 (range: 0.5 1-1.00). In addition, populations contained relatively small numbers of multilocus genotypes with one or two different genotypes dominating within most populations. These patterns are consistent with the occurrence of a high degree of stochastic variation at neutral loci. Local populations appear to be founded by a small number of individuals and restricted gene flow and inbreeding acts to preserve particular allelic combinations. Such effects will cause large imbalances in allele frequencies, often among neighbouring populations, and reduce the potential number of multilocus genotypes that can occur within populations. The ephemeral nature of E. paniculata populations in Jamaica also makes them particularly susceptible to the stochastic loss of genetic variation.
Colonization of geographically isolated areas is often associated with shifts in the mating system towards increased levels of self-fertilization (Baker, 1955; Lloyd, 1980; Brown & Burdon, 1987) . This pattern is consistent with the hypothesis that selffertilizing variants are at a selective advantage at low density or where pollinators are unreliable or absent. While populations of E. paniculata in northeastern Brazil are generally highly outcrossed (mean t = 0.726, range 0.25-0.96, N= 21 populations; Barrett & Husband, 1990b ) those on the island of Jamaica experience high levels of self-fertilization (Table 2) . The predominance of self-pollinating variants of E. paniculata in Jamaica (see Fig. 3 in Barrett et al., 1989) undoubtedly results from the reproductive assurance from which these forms benefit in colony establishment following long-distance dispersal.
The multilocus outcrossing rates reported here for eight populations are significantly lower than estimates given in Glover & Barrett (1987) for three dimorphic Jamaican populations (J12, t=O.47; J14, t=0.29; J15, t-0.68; see their table 1). This disparity results from differences in the methods of sampling employed in the two studies. In the previous investigation a small number of families were used and t values were inflated owing to over-representation of families from the L morph in samples. More detailed investigation of the patterns of outcrossing in the L and M morphs have demonstrated large differences between the two in outcrossing rates in three Jamaican populations (mean t=0.82 and 0.12 for the L and M morphs, respectively; Barrett et al., 1989) . In the present study, random samples were obtained from populations and since the M morph predominated in all but one, estimates were reduced in comparison to the Glover and Barrett study. Clearly, caution is required in interpreting the biological significance of estimates of the average outcrossing rate for populations with mating system polymorphisms, particularly those involving discrete selfing and outcrossing morphs.
Jamaican populations of E. paniculata display a high degree of genetic differentiation, a result expected for predominantly inbreeding populations (Brown, 1979) . Based on the 12 populations examined in this study, 70 per cent of the total isozyme diversity on the island is distributed among populations (GsT= 0.70). This value is substantially higher than reported for the five populations examined by Glover & Barrett (1987) from the central part of the island (GST= 0.57), and is also higher than the average value from a survey of 39 predominantly selfing species (GST= 0.52) conducted by Loveless & Hamrick (1984) . The higher GST value obtained in the present study reflects more extensive sampling and inclusion of populations from the west end of the island that are highly differentiated from the remaining populations. This suggests that the high GST value obtained is not solely the result of the mating system of populations, but also reflects the historical influence of colonization to the island.
Results from the spatial analyses of allele frequencies support the idea that historical factors, related to the initial colonization of Jamaica, contribute to the high levels of population differentiation observed. The dendrogram based on genetic distances indicates that populations in the west are electrophoretically distinct from the remaining populations on the island. This is primarily due to the presence of three unique alleles in western populations and large differences in allele frequencies at other polymorphic loci. Populations from the west of the island are also genetically differentiated from remaining populations in several floral and life history traits (see Barrett, 1985) . These patterns and the positive autocorrelations between neighbouring populations indicate that the distribution of genetic variation among Jamaican populations is spatially autocorrelated. Spatial heterogeneity of this type is unlikely to be generated by drift alone (see Sokal & Wartenberg, 1983) , but may result from any one of three possible models of population structure. A correlation among neighbouring populations would be expected if (1) populations, which are stable in size, experience regular migration between neighbouring populations (stepping stone model), (2) selection for different genotypes occurs in a spatially heterogeneous environment, and (3) separate colonization events to different parts of the island occur from migrants differing in allele frequency at several loci. The likelihood of these models can be inferred by comparing the allele frequency surfaces and spatial correlograms at polymorphic loci (Sokal & Menozzi, 1982; Sokal et al., 1989 ).
Patterns of genetic variation among Jamaican populations are not in accord with those predicted by the stepping stone model. While populations are distributed in a linear fashion and a relationship exists between genetic and geographical distance, major discontinuities in allele frequency occur particularly between population groups from the west and central parts of the island. These patterns are reflected in the spatial correlograms which fail to show a gradual decline in correlation with distance as would be expected in the stepping stone model (Sokal & Wartenberg, 1983) . Furthermore, if the three western populations are excluded from the analysis of relationships between genetic and geographical distance, no significant correlation occurs (K= 31, P= 0.15). This result was also found by Glover & Barrett (1987) in their study of populations from the central region of the island.
The spatial autocorrelation analysis indicates two classes of correlograms, with similar allele surfaces within each class. If the spatial autocorrelation of isozyme variation is associated with selection, the environment must have affected alleles at different loci similarly. Multiocus associations can arise when selection acts on coadapted complexes of alleles , or when alleles at neutral isozyme loci hitchhike with selected loci (Hedrick & Holden, 1979) . The latter is likely in predominant inbreeders because of the slow decay of gametic disequilibrium among Joci. Although significant levels of gametic disequilibrium were observed in some populations of E. paniculata, the intensity of inbreeding may be insufficient to maintain high levels of disequilibrium in all populations.
While populations exhibited high self-fertilization, outcrossing levels were appreciable in many populations (mean t=0.116). With this mating system, it would take less than about 12 generations for multilocus disequilibria between unlinked loci to decay by one half (Weir et al., 1972) . The significant DAB values observed in four populations of E. paniculata are more likely to be associated with the colonizing life history of the species. Chance associations between loci frequently arise in small, ephemeral populations leading to significant gametic disequilibrium (Golding & Strobeck, 1980) . If disequilibrium is transient, because of low levels of outcrossing and/or short-lived populations, it would be unlikely that selection could produce the patterns of allele frequency at different loci that were observed in our study. If this is true, the isozyme differentiation between populations from the west and those from the remainder of the island is more likely to have resulted from separate colonization events involving migrants with different allele frequencies.
Separate colonization events by E. paniculata to different parts of Jamaica would result in correlated differences at all neutral genes among founding populations. This may explain the parallel patterns and spatial discontinuities in allele frequencies observed among polymorphic loci. The occurrence of two classes of correlograms in the spatial autocorrelation analysis is not inconsistent with a hypothesis of multiple colonization events. Migrants to the west versus those to the remaining parts of the island may share common alleles at some loci (AA T-1, AA T-2 and PGM-la) but differ at others (AAT-3, PGI-2, PGM-1 and PER-i). While these historical processes can account for the observed patterns of variation in Jamaica, like all hypotheses involving evolutionary history, they are notoriously difficult to prove. Moreover, the relatively small number of populations of E. paniculata in Jamaica and low levels of isozyme polymorphism make it particularly difficult to infer patterns of island colonization with any certainty. 
